The wavelength dependence of the incoherent point spread function in a wide-field microscope was investigated experimentally. Dispersion in the sample and optics can lead to significant changes in the point spread function as wavelength is varied over the range commonly used in fluorescence microscopy. For a given sample, optical conditions can generally be optimized to produce a point spread function largely free of spherical aberration at a given wavelength. Unfortunately, deviations in wavelength from this value will result in spherically aberrated point spread functions. Therefore, when multiple fluorophores are used to localize different components in the same sample, the image of the distribution of at least one of the fluorophores will be spherically aberrated. This aberration causes a loss of intensity and resolution, thereby complicating the localization and analysis of multiple components in a multiwavelength image. We show that optimal resolution can be restored to a spherically aberrated image by constrained, iterative deconvolution, as long as the spherical aberration in the point spread function used for deconvolution matches the aberration in the image reasonably well. The success of this method is essentially independent of the initial degree of spherical aberration in the image. Deconvolution of many biological images can be achieved by collecting a small library of spherically aberrated and unaberrated point spread functions, and then choosing a point spread function appropriate for deconvolving each image. The co-localization and relative intensities of multiple components can then be accurately studied in a multi-wavelength image.
Introduction
In the last decade, the optical microscope has evolved into a powerful three-dimensional imaging tool (Agard, 1984; Fay et al., 1989; Denk et al., 1990; Hiraoka et al., 1991; Taylor et al., 1992) . This advance has been spurred largely by developments in microscope technology and in computational image processing techniques. Specifically, the development of optical microscopes whose focal position can be precisely and automatically incremented has made it possible to generate three-dimensional images by stepping through focus and collecting a series of two-dimensional 'optical sections' of a three-dimensional object (Agard, 1984; Castleman, 1979; Fay et al., 1989; Liu & Holmes, 1993) . Moreover, the development of the confocal microscope (Pawley, 1995) and computational image-processing techniques based on deconvolution (Agard, 1984; Agard et al., 1989; Fay et al., 1989; Liu & Holmes, 1993) have largely eliminated problems associated with intensity blurring in some forms of optical microscopy, most notably fluorescence microscopy, and have markedly enhanced the resolution obtained with the optical microscope.
An important problem in three-dimensional imaging is the blurring of object intensity, primarily by the objective lens of the microscope. The blurring is described by the image of a theoretical point source of light and is known as the point spread function (PSF) of the microscope (Castleman, 1979; Agard, 1984) . If a microscope were an ideal imaging system, the PSF would be a point. Unfortunately, limitations on the collection of spatial frequencies imposed by the objective aperture and path length errors introduced by out-of-focus components combine to produce blurring in the PSF. In addition, uncorrected aberration in the optical components can further degrade the PSF (Born & Wolf, 1980; Inoue, 1986; Hiraoka et al., 1990a; Gibson & Lanni, 1991) . Thus, the empirical PSF is not a point; instead, for a high numerical aperture (NA) objective lens it extends over c. 0 . 4 m in the image plane and over c. 5 m along the optical axis (Inoue, 1986; Hiraoka et al., 1990a) . This blurring of intensity from a point object implies that all optical images will be similarly blurred.
For an arbitrary three-dimensional object, an optical microscope yields an image intensity distribution, i (x,y,z) , that to a good approximation is given by the convolution of the object intensity distribution, o (x,y,z) , with the PSF (Castleman, 1979; Agard, 1984) . Thus ix; y; z ox; y; z PSFx; y; z 1 where the symbol denotes the convolution operation, x and y are orthogonal axes in the image plane, and z is the optical axis. Equation (1) can be used to obtain an estimate of the true (unblurred) distribution of intensity in the object from a measured image intensity distribution and PSF; this is the goal of three-dimensional image reconstruction algorithms (see, for example, Agard et al., 1989) . One commonly used reconstruction algorithm, constrained iterative deconvolution, generates an estimate of the object based on a comparison of the image with the convolution of the estimate and the PSF (Agard, 1984) . Alternative reconstruction schemes include those based on maximum likelihood estimation (Conchello & Hansen, 1990; Liu & Holmes, 1993; Willis et al., 1993) , combinations of multiple views (Shaw, 1990) , least-squares techniques (Carrington, 1990) , and projection onto convex sets (Koshy et al., 1990) .
Since PSFs describe the imaging characteristics of optical microscopes, they have been the subject of detailed theoretical and experimental study. Theoretical analyses show that the PSF of an ideal diffraction-limited optical system will possess both radial and axial symmetry (Born & Wolf, 1980) . In addition, theoretical analyses show that aberrations in the optical system, such as spherical aberration, astigmatism, coma and field curvature, affect the PSF (Born & Wolf, 1980; Castleman, 1979) . In particular, spherical aberration is predicted to lead to a loss of axial symmetry (Born & Wolf, 1980; Gibson & Lanni, 1991) .
Recent experimental measurements of PSFs for fluorescence microscopy have revealed that empirical PSFs frequently exhibit strong radial and axial asymmetry, and thus differ significantly from the theoretical diffractionlimited PSF (Hiraoka et al., 1990a; Gibson & Lanni, 1991) . Moreover, axial asymmetry has been shown to be due to spherical aberration that arises from an improper optical path length (Hiraoka et al., 1990a; Gibson & Lanni, 1991) . For example, when the optical path length is altered experimentally by changing the refractive index of the objective immersion oil by 0 . 002 units, the intensity distribution along the optical axis is significantly perturbed. For a given sample, objective lens and wavelength of light, one particular 'ideal' refractive index of the immersion oil produces a PSF with the highest degree of axial symmetry and the most rapid intensity decay along the axial direction (Hiraoka et al., 1990a) . Non-ideal refractive indices produce a spherically aberrated PSF with less axial symmetry and a less rapid intensity decay along the axial direction (Inoue, 1986; Hiraoka et al., 1990a; Gibson & Lanni, 1991) . In wide-field microscopy, a less rapid intensity decay increases blurring and leads to a loss in axial resolution. In confocal microscopy, a less rapid intensity decay leads to loss of resolution and, perhaps more dramatically, to a loss of signal (Hell et al., 1993) .
In this report, we extend previous experimental studies by showing that PSFs of high-NA oil-immersion objectives can have significant wavelength dependence. We illustrate this effect in images of fluorescent beads of different colours and in multi-wavelength images obtained from biological samples that have been labelled with several different fluorophores. This wavelength dependence arises in lenses that are nominally corrected for chromatic and spherical aberrations. We attribute the wavelength dependence of the PSF to the difficulty of obtaining perfect chromatic correction of the lenses, given that the refractive indices of all elements of the optical path, including the sample, are wavelength dependent. For example, the refractive index of a typical immersion oil changes from 1 . 5239 to 1 . 5115 as wavelength varies over a range commonly used in fluorescence microscopy (486-656 nm; Cargille, 1994) . We further show that deconvolution with appropriate PSFs -even spherically aberrated ones -can be used to correct the different wavelength components of a multi-wavelength image. Methods of dealing with the complexities encountered in deconvolving multi-wavelength images, and spherically aberrated images in general, are developed and discussed.
Materials and methods

Sample preparation
Samples consisting of 0 . 12-m-diameter dark red beads (excitation maximum= 650 nm; emission maximum= 690 nm) or yellow/green beads (excitation maximum= 490 nm; emission maximum= 515 nm) (Molecular Probes, Eugene, OR) were prepared by diluting a stock suspension (2% solids) of beads one-million-fold with ethanol and then depositing 10 L of the solution onto a 22-mm 2 22-mm 1½ Gold Seal coverslip (Becton Dickinson, Lincoln, NJ). The ethanol was evaporated by warming the coverslip to 40 8 C on a slide warmer, causing the beads to adhere directly to the coverslip. Seven microlitres of a solution consisting of 2% Npropyl gallate in glycerol (for green beads, 50 mM Tris base, final pH 8 . 0) were then deposited over the beads. The coverslip was gently placed on a slide and sealed to the slide with clear nail enamel (Wet and Wild, Pavion Ltd, Nyack, NY) . A minimum of 6 h was allowed to elapse before data collection was initiated to ensure that the enamel was dry and that the sample was as immobile as possible.
Instrumentation and data collection
Our wide-field three-dimensional fluorescence imaging system (Hiraoka et al., 1991) is built around an Olympus inverted microscope (Olympus, Lake Success, NY). The microscope stage is under the control of a Nanomover microstepper motor (Melles Griot, Irvine, CA), which permits the z position of the stage to be adjusted automatically in increments as small as 0 . 1 m. For the experiments described here, the wavelengths of the excitation and emission light were controlled using appropriate excitation/ emission filter pairs and a triple multichroic mirror designed for use with the fluorophores Texas m; the four images corresponding to a given focal position were later averaged to enhance accuracy. Averaging is used instead of increasing the exposure time because the signal from the beads when in focus nearly saturates the CCD after a brief exposure. Threedimensional images of biological samples were generated by collecting 64 images at focal positions differing in increments of 0 . 2 m. Slight variations in the gain and offset of the pixels on the CCD, and temporal variations in lamp intensity, were corrected for as described previously (Hiraoka et al., 1991; Chen et al., 1995) .
Deconvolution algorithm
Images of beads and biological samples were deconvolved using a constrained iterative deconvolution algorithm (Agard et al., 1989) . In this algorithm, convolution operations are carried out using the Fourier transform of Eq. (1), which reads (Castleman, 1979 )
and the optical transfer function OTF(k x , k y , k z ) are the Fourier transforms of i (x, y, z), o(x, y, z) and PSF(x, y, z), respectively, k x , k y and k z are the Fourier variables corresponding to x, y and z, and the symbol 1 represents multiplication. Equation (2), rather than Eq. (1), is used because it reduces the convolution operation to a simple multiplication in Fourier space. While it is possible to use a theoretical OTF in the deconvolution algorithm (Frieden, 1969; Agard, 1984) , best results have been obtained using an OTF calculated from a measured PSF (Hiraoka et al., 1990a) .
One recent modification to our deconvolution algorithm ensures proper deconvolution with OTFs generated from spherically aberrated (axially asymmetric) PSFs. Previously, the algorithm used real, radially averaged OTFs having the symmetry property OTF(k r ,
). These were generated by direct threedimensional Fourier transformation of unaberrated, axially symmetric PSFs, followed by radial averaging of the amplitude of the Fourier transform over the variables k x and k y (Hiraoka et al., 1990a) . This procedure is valid only if spherical aberration in the PSF is negligible. To deal correctly with spherically aberrated PSFs, OTFs are now computed by radially averaging the full complex Fourier components of a spherically aberrated PSF; this procedure yields complex OTFs having the symmetry property OTF(k r
where the asterisk denotes complex conjugation. The introduction of a complex OTF into the deconvolution algorithm ensures a correct treatment of axial asymmetry in the PSF, although radial averaging ignores radial asymmetry. We have continued to neglect radial asymmetry because it is generally less prominent than axial asymmetry. In addition, introduction of an angle-dependent OTF could introduce noise that is currently suppressed by radial averaging.
An additional issue that arises when the OTF is complex is that OTF phases are influenced by the position of the associated PSF in image space. The correct OTF phases will be obtained only if the centre of mass of the PSF is at the origin of the image-space coordinate system. If the centre of mass is not at the origin (0, 0, 0) of image space, but instead has coordinates (X, Y, Z), the phase of OTF(k x , k y , k z ) will be incorrect; however, the phase can be corrected by multiplying by the factor exp[ÿ2i(
Image analysis
Four quantities were used to characterize the quality of a deconvolved image: (i) R factor, (ii) contrast, (iii) power (frequency) spectrum and (iv) axial resolution. The R factor is defined as
where Guessi; j; k is the distribution of intensity in the deconvolved image, and the sum is over all points in the image. (The terminology guess is used because deconvolution yields a 'guess' at the true distribution of intensity in the object (Agard et al., 1989) .) Contrast, C, is defined as
where h Guessi; j; ki is the average intensity of the eight adjacent neighbours of point (i, j) in optical section k. The radially averaged power spectrum, P(k r , k z ), of an image is defined as the radial average of the absolute square of the three-dimensional Fourier transform of the image (Castleman, 1979) . Axial resolution in a point image is defined as the half-width of a plot of the integrated intensity in each section vs. focal position (Hiraoka et al., 1990a) .
Results
Lens-dependence of the PSF
Because PSFs play an essential role in accurate reconstruction of the object intensity distribution, considerable effort has been directed at measuring and characterizing their properties (Hiraoka et al., 1990a; Gibson & Lanni, 1991; Shaw & Rawlins, 1991; Hell et al., 1993) . Here we have investigated the dependence of PSF spherical aberration on choice of objective lens and wavelength. Strictly speaking, we measure the PSF of the entire microscope, but the characteristics of the PSF are essentially determined by the optical properties of the sample and the objective lens.
We have found significant differences between PSFs obtained from different high-NA lenses. For example, the optimal (least spherically aberrated) PSF collected at 635 nm with a 1002/1 . 4-NA Nikon objective has considerably greater radial and axial symmetry than the optimal PSF collected with a 602/1 . 4-NA Olympus objective (Fig. 1A,B) . This implies that the 1002 objective has less intrinsic spherical aberration than the 602 objective, yielding under optimal imaging conditions a PSF more like that produced by an ideal, diffraction-limited lens. The improved axial resolution of the 1002 Nikon objective is shown graphically by a plot of the integrated intensity of the PSFs along the optical axis (Fig. 1D) .
For a given high-NA lens and wavelength, significantly different PSFs can also be generated by altering optical path length. This is most conveniently accomplished by changing the refractive index of the objective immersion oil (Hiraoka et al., 1990a) . Results obtained with the 602 objective at 635 nm are shown in Fig. 1(B,C) . Here an oil with an n D 25 of 1 . 5140 yields an optimal optical path length, characterized by a relatively symmetric, unaberrated PSF. Oils with higher or lower n D 25 yield positive or negative optical path length errors, as indicated by axially asymmetric, spherically aberrated PSFs (Fig. 1C) . Specifically, a positive optical path length error yields a PSF with excess intensity in sections collected when the objective lens is furthest from the coverslip, whereas a negative optical path length error yields a PSF with excess intensity in sections collected when the objective lens is closest to the coverslip (Hiraoka et al., 1990a) .
Wavelength dependence of the PSF
We have also found that for a given objective and immersion oil, the degree of spherical aberration in the PSF varies significantly as wavelength is varied over a spectral range common in fluorescence microscopy (Fig. 2) . For example, for the 602 Olympus objective, an oil with an n D 25 of 1 . 5128 yields an unaberrated PSF when measured at 535 nm, and a very spherically aberrated PSF when measured at 635 nm. For the same objective, a fairly unaberrated PSF can be obtained at 635 nm if the n D 25 of the oil is 1 . 5140 (Fig. 1B) . Similar wavelength-dependent effects were observed with the Nikon lens (data not shown). In comparing PSFs from these two wavelengths, we noticed residual uncorrectable spherical aberration in the Olympus 602 lens at 635 nm, but not at 535 nm (compare Figs 1B and 2A ). This behaviour was not observed using the Nikon 1002 lens.
The dependence of PSFs on wavelength can be at least qualitatively attributed to changes in optical path length induced by changes in refractive indices with wavelength. Refractive indices typically decrease with increasing wavelength; thus, if the optical path length is correct for a given sample, optical configuration and wavelength, an increase in wavelength would be expected to produce an optical path length that is too short and a decrease in wavelength would be expected to produce an optical path length that is too long. This would imply that the optimal PSF at 535 nm would be obtained with an oil of lower n D 25 than the optimal PSF at 635 nm. This is exactly the trend that we have observed experimentally (Fig. 2) .
These observations have important consequences for multi-wavelength fluorescence images of any sample. Different wavelength components of a multi-wavelength image will have different PSFs. Moreover, using a single choice of immersion oil, the PSF can only be optimized at one wavelength-data collected at other wavelengths will be spherically aberrated. Since axial resolution in an aberrated image is significantly degraded (Figs 1 and 2) , it is important to determine how well deconvolution can enhance resolution and reverse spherical aberration in spherically aberrated images.
Effects of spherical aberration on deconvolution
The effects of spherical aberration on image restoration were tested by deconvolving spherically aberrated PSFs with various OTFs and analysing how well the deconvolved images approximated a point. The point-like character of an image was determined by calculating power spectra and by plotting the integrated intensity in each optical section as a function of focus. A narrow, symmetric intensity decay, together with a broad power spectrum, indicated a good reconstruction of a point.
We have collected a small library of PSFs for each of our two high-magnification (602 and 1002) objectives, using 635-nm and 535-nm beads and oils with n D 25 between 1 . 5000 and 1 . 5572. For each objective and wavelength, one PSF was essentially free of spherical aberration; the others were aberrated to various degrees. As a first test of deconvolution of spherically aberrated images, each of these PSFs was deconvolved with its associated complex OTF (i.e. its radially averaged Fourier transform) and with a real OTF obtained from the corresponding lens under optimal imaging conditions. The images obtained from the complex and real deconvolutions are compared in Fig. 3(A) .
Comparison of the real and complex deconvolutions of an aberrated PSF (n D 25 = 1 . 5230) shows that the real deconvolution yielded an image with a two-fold wider half-width and a power spectrum with a two-to three-fold smaller cut-off frequency and a reduced overall frequency content (Fig. 3A,B) . By contrast, comparison of the real and complex deconvolutions of a relatively unaberrated PSF (n D 25 = 1 . 5140) shows little difference in half-widths (data not shown) and cut-off frequencies (Fig. 3C) ; however, the overall frequency content obtained from the real deconvolution was again somewhat reduced. These results show that spherically aberrated images are poorly deconvolved by a real OTF obtained from an unaberrated PSF.
The above results also suggest that spherically aberrated images can be effectively deconvolved if an appropriate complex OTF is used. In Fig. 3 (D) we demonstrate this explicitly. When unaberrated and spherically aberrated PSFs were deconvolved with their associated complex OTFs, all the resulting integrated intensity plots had the same axial halfwidth, 0 . 25 m, independent of the initial degree of spherical aberration in the PSF. This result held over a broad range of optical path lengths; thus, the resolution of spherically aberrated images can be dramatically enhanced through deconvolution if an appropriate complex OTF is used.
For PSF images, the optimal OTF is easily calculated from the Fourier transform of the image itself; unfortunately, for a typical biological image an appropriate OTF is not so easily identified. Methods have been developed that allow estimation of the PSF/OTF from a biological image (Liu & Holmes, 1993) ; nevertheless, there frequently will be some uncertainty about the choice of OTF, and for this reason we have analysed the effect of OTF mismatch on deconvolution efficiency.
Effect of PSF/OTF mismatch on deconvolution
To test the effect of OTF mismatch on deconvolution performance, PSFs were deconvolved not only with their associated complex OTFs and the real OTF, as described above, but also with complex OTFs derived from other, mismatched, PSFs. Thus, spherically aberrated PSFs resulting from short and long optical path lengths were deconvolved with a number of complex OTFs derived from PSFs manifesting the same, or the opposite, type of spherical aberration (Fig. 4) .
When spherically aberrated PSFs were deconvolved with Fig. 4 . Deconvolution of bead images with mismatched OTFs. Sensitivity of deconvolution to choice of OTF was assayed by deconvolving PSFs with their associated complex OTFs and OTFs generated from mismatched PSFs. Each panel shows integrated intensity decays obtained from a given PSF before deconvolution, and after deconvolution with its associated complex OTF and a complex OTF generated from a slightly mismatched PSF. Deconvolution of a spherically aberrated PSF with an OTF generated from a PSF manifesting spherical aberration of the same sign usually yields a good deconvolution. In contrast, deconvolution of a spherically aberrated PSF with a real OTF generated from an unaberrated PSF, or with a complex OTF generated from a PSF manifesting a different kind of spherical aberration, often fails to yield a good deconvolution. OTFs derived from similar, but not identical, PSFs, the integrated intensity decays and power spectra obtained were remarkably similar to those obtained when the PSFs were deconvolved with their perfectly matched OTFs (Fig. 4) . In general, good restoration of the point object was achieved as long as the path length error of the PSF and OTF had the same sign, e.g. an aberrated PSF with a negative optical path length error was deconvolved effectively with any OTF derived from a PSF with, correspondingly, a negative optical path length error. Thus, our iterative, constrained threedimensional deconvolution approach will tolerate some degree of PSF/OTF mismatch, and exact knowledge of the OTF is not required for accurate reconstruction of an object. This, in turn, implies that a relatively small library of OTFs that spans common types of image aberration will suffice for high-quality deconvolution of most images.
Deconvolution of aberrated biological images
Not surprisingly, we find that images of biological specimens are frequently spherically aberrated. Spherical aberration arises inevitably in multi-wavelength images and frequently in images of samples that are far from the coverslip (Gibson & Lanni, 1991; Hell et al., 1993) . In the latter case, it is often difficult to find an oil that will correct for the spherical aberration introduced when light passes through a considerable length of the solution surrounding the sample, and the result is a spherically aberrated image. An example of a spherically aberrated biological image is shown in Fig. 5 . Initially this aberrated image was deconvolved with the real OTF collected with the 602 Olympus objective. The large residual asymmetry and amount of outof-focus light in the deconvolved image (Fig. 5B,E) indicate that the deconvolution with this OTF was relatively poor. The image was then deconvolved with a series of complex OTFs generated from PSFs from the appropriate spherical aberration class. All of these OTFs generated a reduction in axial asymmetry and in the amount of out-of-focus light (Fig. 5C,F) , indicating that deconvolution with the appropriate complex OTF is superior to deconvolution with the real OTF. For the Drosophila image shown in Fig. 5 , deconvolution with complex OTFs (n D 25 = 1 . 5180 and 1 . 5230) produced, respectively, images with 4 . 3-and 4 . 8-fold higher contrast than did deconvolution with the real OTF. However, deconvolution with a complex OTF generated from an even more heavily aberrated PSF (n D 25 = 1 . 5300) produced slightly lower (3 . 4-fold) relative improvement in contrast. Thus, for typical biological images a reasonably accurate choice of OTF will yield most of the benefit from deconvolution.
Discussion
Effective deblurring of images through deconvolution requires an accurate knowledge of the PSF, which is quite sensitive to optical conditions. Indeed, the PSF depends on the refractive index of the objective immersion oil and on the refractive index of the biological sample, making it sample dependent. Moreover, as shown here, this sensitivity to (A,B,C) , respectively. Samples were prepared following the protocol given in Hiraoka et al. (1990b) . Scale bar = 1 m.
refractive index implies that the PSF is also wavelength dependent, since refractive indices vary with wavelength. The sensitivity of the PSF to optical conditions implies that different OTFs should be used to deconvolve images collected under significantly different optical conditions. Images collected under non-optimal imaging conditions will manifest some degree of spherical aberration; these images should be deconvolved with an OTF generated from a PSF manifesting a similar degree of spherical aberration.
Generating an OTF library
Optimal restoration of a spherically aberrated image requires deconvolution with an OTF possessing approximately the correct aberration characteristics. It is therefore important to have access to a library of PSFs and OTFs that includes a range of optical path length errors. Since PSFs and OTFs are wavelength dependent, an OTF library can be generated using beads (diameter < 0 . 15 m) impregnated with fluorophores with a variety of spectral characteristics; OTFs most appropriate for deconvolving red, green and blue images could then be generated from beads of matching colour.
Significantly, for the lenses we have examined, most of the PSF wavelength-dependent effects are actually a result of spherical aberration (Figs. 1B and 2A) . Therefore, the PSF library can be simplified by recording PSFs having different degrees of spherical aberration at a fixed wavelength using oils with different refractive indices. For deconvolution of an image collected at a different wavelength, we simply scale the sampling interval of the OTF containing the appropriate amount of spherical aberration by the ratio of the wavelengths of the image and OTF. This is currently the most straightforward method of generating the OTF library, which typically contains 5-10 OTFs for a given lens.
Ideally, a PSF should be measured or derived from the sample itself (Liu & Holmes, 1993; Loew et al., 1993; Moore et al., 1993) . In practice, this is difficult in thick samples like Drosophila embryos that contain significant background intensity. The results shown in Fig. 4 suggest that the quality of image restoration is not affected by small differences in optical path length error between the image and the OTF, indicating that the small OTF library can be used for the majority of images collected.
It is also worth noting that an OTF library must be generated for each lens because even high-quality lenses can differ significantly in their aberration characteristics. Careful examination of Fig. 1(A,B) shows that the Olympus lens has more intrinsic spherical aberration at 635 nm than the Nikon lens; under optimal imaging conditions the PSF obtained from the Nikon lens is more radially and axially symmetric and more closely matches the theoretical PSF for these lenses (data not shown). In addition, the OTF of the Nikon 1002 extends to higher resolution than the OTF of the Olympus lens, especially along the optical axis. In these respects, the Nikon is a better lens; however, the Olympus lens transmits more light than the Nikon. We have also characterized a Nikon 602/1 . 4-NA objective; again, its PSF more closely matches the theoretical PSF than does the PSF of the Olympus 602/1 . 4-NA, but its transmittance is lower. Thus, the relative usefulness of these lenses is determined largely by the application.
Aberration and dispersion in biological samples
To this point, we have focused primarily on dispersion in the objective lens immersion oil and its role in generating image aberrations. However, the refractive index of a biological sample also is a function of wavelength, leading to a further source of wavelength-dependent spherical aberration. Moreover, since biological samples have a finite thickness and are not always immediately adjacent to the coverslip, image aberration can arise because point sources of light far from the coverslip are not optimally imaged by the objective lens. Indeed, we have observed both of these effects in our own experiments with Drosophila tissues.
The spherical aberration induced in an image by the finite thickness of the sample has been analysed both theoretically and experimentally (Gibson & Lanni, 1991; Hell et al., 1993) . It was found that if the sample is less than about 5 m thick, the images of point sources of light at the bottom and top of the sample are not radically different, and depth-dependent spherical aberration can probably be neglected. However, this conclusion is based on theoretical calculations that assume a fixed refractive index for the biological sample of 1 . 33 (water), and experimental results obtained for beads embedded in agarose. Since biological systems are very complex and contain significant refractive index heterogeneities, these models may not be completely accurate. Careful examination of in situ DNA hybridization signals, which are in effect PSFs, may further help to elucidate the effects that the properties of biological samples have on image aberration. Clearly the most accurate reconstruction will be obtained with an OTF that includes the path length error generated by the tissue itself as well as the focus dependence of spherical aberration. However, two lines of evidence suggest that high-quality deconvolution of images of thick objects can be achieved without introducing this complexity into the deconvolution algorithm. First, we have shown here that some mismatch between the aberration in the PSF used for deconvolution and the actual sample PSF(s) does not significantly compromise the quality of deconvolution achieved. Second, our laboratory has recently obtained images of polytene nuclei embedded in acrylamide that are up to 50
Multi-wavelength imaging and confocal microscopy
The observations and ideas discussed here also have direct implications for confocal imaging. In confocal microscopy, the sample is both illuminated and viewed through a pinhole. The resultant total PSF is, at best, the product of the individual excitation and emission PSFs. The effect of spherical aberration is thus two-fold: reduction in image resolution and a significant loss of signal (Hell et al., 1993) . In multi-wavelength confocal imaging, the extent of the resolution and signal reduction will be different for each fluorophore because each wavelength component will be spherically aberrated to a different degree. This will complicate any attempt to make quantitative comparisons of intensities obtained from different fluorophores (e.g. ratio imaging), or from fluorophores at different depths in a sample using confocal microscopy. Again, deconvolution approaches can be used to remedy this situation, although the variation of the PSF with depth may have to be taken into account, as discussed above.
Choosing an OTF
There are both quantitative and qualitative methods of choosing the OTF that will best deconvolve an image. Although smallness of the R factor (defined in Eq. 3) is frequently used as a measure of deconvolution quality (Ross et al., 1977; Shaw & Rawlins, 1991) , we have found that it is not always a reliable measure of the relative quality of deconvolution achieved with different OTFs. Strictly, the R factor measures the degree of convergence of the deconvolution process. Since it is generally 'easier' to deconvolve with a narrower PSF, a PSF that is too narrow will invariably give a lower R factor, but only a partially deblurred image. In the extreme, deconvolution of an image with an infinitely narrow PSF (delta function) would immediately converge and yield an R factor of zero, but would make no changes to the image.
Alternative quantitative measures of deconvolution quality include contrast enhancement, widths of power spectra (Hiraoka et al., 1990a) and axial resolution (Fay et al., 1989; Hiraoka et al., 1990a) . We use all of these to help assess deconvolution quality. One approach that we are pursuing is to use axial and radial contrast and the R factor to develop a scheme for automatically choosing the optimal member of a library by performing three or five trial deconvolutions at reduced resolution. From this, the best PSF could then be chosen for more extensive deconvolution at full resolution.
Because there is some flexibility involved, in many cases it may be quite sufficient to choose the correct PSF based on visual inspection of the data set itself. Examination of XZ views of the undeconvolved image should be sufficient to decide the degree and direction of the spherical aberration present, if any (Figs 1 and 2) . Once the aberration pattern in the image has been characterized, the basic type of OTF that should be used for deconvolution is determined by matching the aberration in the image to that in the PSF from which the OTF is derived. This simple method has permitted us markedly to improve deconvolution of spherically aberrated biological images (Fig. 5) .
In addition to image degradation produced by spherical aberration, there are numerous other forms of aberration, such as coma, astigmatism, non-planar effects, etc. One or more of these aberrations are probably responsible for the prominent radial asymmetry observed in most empirical PSFs. This issue is the focus of current study.
